Introduction
The space charge region of a solar cell can be considered as a plane capacitor named transition capacitance [1] . The illumination of the solar cell causes a diffusion of excess minority carriers. These carriers, characterized by a lifetime in the base and to the emitter, are the source of the photocurrent. They create a diffusion capacitance whose thickness depends on the junction recombination velocity [1] - [3] , which defines the operating point of the solar cell. The capacitance of the solar cell may be studied under static regime in order to determine the doping rate. Under transient state [4] - [7] , capacitance versus time makes possible the determination of the extended space charge zone and the minority carriers' lifetime. In frequency dynamic regime [8] [9] , the well known impedance spectroscopy method is used for the determination of electrical parameters. For this work, we use Bode and Nyquist diagrams [10] [11] to show the effect of the wavelength and the junction recombination velocity on the diffusion capacitance of a vertical parallel junction silicon solar cell characterized by the lateral collection.
Theory
We present on Figure 1 a unit cell of a vertical junction's silicon solar cell [12] [13] under various wavelengths. H is the base width.
Given that the contribution of the base to the photocurrent is larger than that of the emitter [14] our analysis will only be developed in the base region.
Taking into account the generation, recombination and diffusion phenomena in the base, the equation governing the variation of the minority carriers density δ(x, t) under modulation frequency [14] [15] is:
D(ω) and τ are respectively, the excess minority carrier diffusion constant and lifetime. The excess minority carriers' density can be written as:
Carrier generation rate G(z, t) is given by:
x is the base depth along x axis, ω is the angular frequency, z the base depth according to the vertical axis; and λ the wavelength.
If we replace Equation (2) into Equation (1), the temporary part is eliminated and we obtain:
The solution of this equation is:
Coefficients A and B are determined through the following boundary conditions [16] [17]: -at the junction (x = 0): Figure 1 . Vertical parallel junction silicon solar cell.
Sf is the excess minority carriers recombination velocity at the junction.
-at the middle of the base (x = H/2):
The excess minority carriers in the base will flow to the two junctions by diffusion; the photocurrent density is given by the following expression:
where q is the elementary charge. From the excess minority carriers' density, we can deduce the photovoltage across the junction, according to the Boltzmann's relation as follow:
with V T the thermal voltage, Nb the base doping density, n i the intrinsic carriers' density. The charge variation in the base leads to a corresponding photovoltage variation across the junction; this gives rise to an associated capacitance. This capacitance is mainly due to the fixed ionized charge (dark capacitance) at the junction boundaries and the diffusion process (diffusion capacitance) [18] [19] . The solar cell's capacitance can be defined by:
Given the photovoltage expression (eq.10), the capacitance can be rewritten as:
Results and Discussions
We present in this section the Nyquist and Bode diagrams [20] , to show the effect of the wavelength and the junction recombination velocity on the diffusion capacitance a silicon solar cell in parallel vertical junction.
Bode and Nyquist Diagrams Capacitance

Bode Diagram Capacitance of the Solar Cell under Open Circuit Condition: Effect of the Wavelength
The profiles of the module and its phase of capacitance versus the logarithm of the frequency for different wavelengths (short and long wavelength), are shown in Figures 2(a)-(c) .
In Figure 2 (a) and Figure 2(b) , we get the same paces of the capacitance module with the logarithm of the modulation frequency. We found that in the wavelength interval (short wavelength) [0.44 μm; 0.50 μm], the magnitude of the capacitance increases, and that in the wavelength interval (long wavelength) [0.58 μm; 0.7 μm], this amplitude decreases as the base is more or less transparent in this wavelength range and phase in a situation of open circuit, very little with the angular frequency to a certain frequency called the cut-off frequency ω c = 2π/τ [21] .
Beyond this cut-off frequency, the capacitance of the solar cell and its phase decreases very rapidly with the angular frequency. In fact, when the frequency is inside the cut-off, the solar cell operates in quasi-static regime and remains insensitive to frequency. For frequencies above the cut-off frequency, the stress of the material becomes important to the point that photo generated minority carriers are poorly stored in the vicinity of the junction: this leads to a very low capacitance. In Figure 3 (a) and Figure 3(b) , are shown the profiles of the module and its phase of capacitance (Figure 3(c) ), versus the logarithm of the frequency for different wavelengths.
Bode Diagram Capacitance of the Solar Cell in Short-Circuit Operating: Effect of the Wavelength
In Figure 3 (a) and Figure 3(b) , we get the same profile of the capacitance-frequency. In the wavelength interval [0.44 μm; 0.50 μm], the magnitude of the capacitance increases, but in the wavelength interval [0.58 μm; 0.7 μm], the amplitude decreases.
In terms of ac electrical analogy, our study reveals that the behavior of the capacitance-frequency is similar to that observed in the electronic filter low-pass type. 
Nyquist Diagram
The Nyquist diagram is the representation of the imaginary part as a function of the real part of a complex quantity [20] [21].
Nyquist Diagram of the Solar Cell Capacitance in Open Circuit
Operating: Effect of the Wavelength The imaginary part versus real part of the capacitance, for different wavelengths λ, is shown in Figure 4(a) and Figure 4(b) .
In Figure 4 (a) and Figure 4(b) , the curves representing the imaginary part as a function of the real part of the capacitance for different wavelengths are different diameter of semicircles.
In the wavelength interval [0.44 μm; 0.50 μm], the diameter of the semicircles increases because the number of minority carriers stored in the vicinity of the junction also increases. It is noted that in the wavelength interval [0.58 μm; 0.7 μm], the diameter of the semicircles decreases in this case.
When the angular frequency tends to zero, the imaginary part of the capacitance is zero while its real part is equal to its open circuit value in quasi-static regime: it will have one large storage of minority carriers in the vicinity of the junction. By cons, when the angular frequency approaches infinity, the imaginary and real parts are almost zero: there is no more storage therefore photo generated minority carriers at the junction. By this, we match the capacitance of the solar cell to the diameter of a semicircle obtained for a given depth z between the two angular frequency range (zero to infinity). When the depth z increases, the curves are semicircles at decreasing diameters since there's a decrease in the number of minority carriers photo generated in the base of the solar cell and stored in the vicinity of the junction In Figure 5 (a) and Figure 5(b) , the curves representing the imaginary part versus real part of the capacitance for different wavelengths are different diameter of semicircles in the short-circuit situation. In the wavelength interval [0.44 μm; 0.50 μm], the "pseudo-diameters" related to the capacitance of the solar cell under short circuit condition, for a given wavelength, increases, while it decreases in the wave length range [0.58 μm; 0.7 μm]. The resulting curve has two different parts: When the depth z increases, the curves that shrink because the amplitudes of the imaginary and real parts of the capacitance decreases: this can be explained by a weak generation of minority carriers in a non relaxed solar cell under high frequency excitation.
Conclusion
In this paper, we have developed a mathematical/physical model which enables us to simulate the behavior of the vertical parallel junction solar cell from the frequency-dependence of the capacitance. The capacitance of the space charge region was studied using Bode and Nyquist diagrams while the solar cell remained either under open circuit or short circuit condition and illuminated with different wavelengths. For given operating point, the absorption coefficient influences the region where the carriers are photogenerated and then leads to different diameter of the C-ω curves. Indeed, for a given wavelength the diameter obtained under short circuit is larger than that calculated for the solar cell under open circuit condition, according to the extended space charge region theory.
